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Abstract 

Spin observables of a binary reaction 1 + 2 — > 3 + 4 are discussed at the thresh- 
old in general form using P-parity and angular momentum conservation. General 
formulae for polarization transfer, spin-spin correlation parameters in the initial 
and final states and induced tensor polarization are derived for arbitrary spins of 
participating particles. This formalism is worked out in detail for the NN — > YQ + 
reaction. Assuming that the spin of the pentaquark + takes the values |, | and 
|, whereas the spin of the hyperon Y equals ^, explicite formulae are obtained 
for the observables in terms of few non-vanishing at the threshold spin amplitudes 
separately for the spin-singlet and spin-triplet initial NN states. In case of all par- 
ticles in the NN — > YQ + reaction have the spin-^ a full spin-structure for totally 
polarized cross sections is derived. Some of the obtained spin observables strongly 
depend on the intrinsic P-parity of the + and the total isospin of the reaction. 
Therefore, measurements of these observables allow one to determine the P-parity 
of the pentaquark + in a model independent way for any spin of the + . 
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1 Introduction 



Experimental indications [1,2,3,4,5,6,7,8,9,10] to existence of the exotic baryon 
G + (1540) with the strangeness S — +1 stimulated an intensive theoretical 
discussion during the past year. A minimal number of constituent quarks 
in the 6 + (1540), compatible with its positive strangeness and the baryon 
charge, is five and corresponds to the quark content uudds. The structure 
of the 6 + (1540) and its quantum numbers originally predicted in the chiral 
soliton model [11] (jg = | + ), have been considered yet in several quark models 
with a different type of quark-quark interaction, as well as within the QCD 
sum rules and Lattice QCD. For recent review see, for example, Refs. [12]. A 
surprisingly narrow width of the 6 + (r ^15 MeV) predicted by the chiral 
soliton model [11], now is expected to be about of 1 MeV or less according to 
the recent analysis [13] of the K N- and Kd- scattering data and the DIANA 
data [2] on the + production [14]. This looks also as an exotic itself in 
view of the open decay channel + — > KN with the same quark content 
in the KN system as in the + . The width of the + is now a challenge 
for any theoretical approach [15,16,17,18,19,20], including the chiral soliton 
model also [21,22]. The intrinsic parity of the 6 + is of particular importance to 
understand the nature of this baryon. A positive parity of the + is predicted 
by the chiral soliton model [11]. On the contrary, naive quark shell models 
give the negative parity for the S-wave ground state of the quark system 
uudds. Quark-quark interaction could lead to a P-wave state and, hence, to 
positive parity of the + [23,24,25]. In Lattice QCD, both the positive [25] and 
negative [26] parity of the 6 + are obtained although in Refs. [27] the O + (1540) 
resonance state is not found. A possible correlation between the positive parity 
of the 6 + and its narrow width is discussed in [28] within a constituent quark 
model. Experimental determination of the quantum numbers of the @ + will 
be essential for establishing of the underlying dynamics of the 6 + . 2 

2 Besides of the + (154O) observation, an indication to existence of two others ex- 
plicitely exotic baryons were also reported: S (1860) [29] and 0°(3O99) [30]. How- 
ever, in several experiments performed mainly at high energies the states 9+ (1540), 
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Several methods, based on certain assumptions on the production mecha- 
nism, were suggested for determination of the P-parity of the + , ti@, in 
Kp-scattering [34] and photoproduction reactions [35]. Model independent 
methods were also considered [36]. We discuss here the 6 + production in 
iViV-collision. Model independent methods for determination of the P-parity 
of the + in the reaction NN — > Y Q + were suggested in Refs. [37,38,39,40]. 
These methods are based on such general properties of the reaction amplitude 
as angular momentum and P-parity conservation and on the generalized Pauli 
principle for nucleons. Assuming for the spin of the 6 + the value je = |, it 
was shown in Ref. [38] that the sign of the spin-spin correlation parameter C y<lj 
unambiguously determines the P-parity of the @ + in the reaction pp — > £ + + . 
Another definite correlation between C ytV and ir& holds for the pn — > A°@ + 
reaction [39,40] if the isospin of the + equals zero. Furthermore, a measure- 
ment of the spin transfer coefficients K y y = K x £ or K z z in these reactions also 
allows to determine the P-parity unambiguously [39,40]. Obviously, a double- 
spin measurement near the threshold is a challenge for experiment. In this 
connection, one should note that measurements of the polarization transfer 
from the initial nucleon to the hyperon in the reaction NN — > YQ + can be 
performed by single spin experiments with only polarized beam or target, since 
the polarization of the hyperon can be measured via its weak decay. 

The results of Refs. [37,38,40] are based on the assumption that the spin of 
the + is equal to |. Up to now the experimental value of the spin of the + 
is not known, as well as its P-parity. Analysis of the angular distribution in 
the system nK + in the final state of the reaction np — > npK + K~ measured 
in [10], leads the authors of Ref. [10] to a conclusion that the minimal value 
of the spin of the 6 + (1540) is §. Furthermore, within some quark models the 

E— (1860), 6°(3099) were not found. For review of positive and null experimental 
results one can see Refs. [31,32]. At present, null results obtained at high energies do 
not mean that the experiments [1,2,3,4,5,6,7,8,9,10] are incorrect. Most likely, the 
G + (1540) production mechanism depends on energy and transferred momentum in 
such a way that at high energies this state is non- visible [33] . New experiments with 
high statistics are planned [32] to get definite answer about existence of the exotic 
baryons. 
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pentaquark being the spin-| baryon has partners with the spin |. According 
to Ref. [41], the spin-| partner can have a mass very close to the 6 + . As was 
noted recently in Ref. [17], the (Os) 5 configuration of the uudds pentaquark 
being in the | state cannot decay into a KN d-wave state. Hence the | state 
is a candidate for the observed narrow 0(1540) resonance. A possibility that 
6 + is the |-spin state was discussed also in Refs. [18,20,42,43]. At last, higher 
spins are allowed for the pentaquarks 9* in higher SU(3) multiplets. 

Therefore a generalization of the approach [37,38] to arbitrary spin of the + 
is an important task. This problem was discussed in Ref. [45]. For arbitrary 
spin of the 6 + , it was shown in [45] that the signals for determination of 
the P-parity of the + via measurements of the C it j and K\ in the reaction 
NN — > YQ + are the same as for the case of the minimal spin je = \ 3 . 

In this work we develop the method of Refs. [39,45] for calculation of C i: j 
and K\ for arbitrary spins of all participating particles in the binary reaction 
1 + 2 — > 3 + 4. Furthermore, we obtain formulae for the spin-spin correlation 
parameters in the final state of the binary reaction. In this case beam and 
target are assumed to be unpolarized. For the case of jq > \ we consider 
also the tensor polarization of the 6 + , tjo, both for polarized and unpolarized 
beam. For even rank J, tensor polarization can be measured via analysis of 
angular distribution in the strong decay + — > N + K. We show that t J0 
induced by polarized beam depends on the P-parity of the + . The derived 
general formulae can be applied for any binary reaction near threshold. For 
the NN — > YQ + reaction we present detailed formulae assuming j e = |, | 
and §. In case of all participants in the NN — > YQ + reaction are the spin- 
\ particles we derive totally polarized cross sections for the isospin T = 
and T = 1 of the NN channel, taking into account all polarizations in the 
initial and final states. Analysis is based on common properties of the reaction 
amplitude and the standard technique of the spin-tensor operators [46]. For the 

3 Independently this problem was considered in Ref. [47] in the a- representation 
for the transition amplitude. 
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case of all particles are the spin- ^ baryons we apply also the a- representation 
to compare the results with a general method. In addition, we develop a non- 
standard method, which allows us to derive an elegant formula for Cij for 
the binary reaction with initial particles being of spin-| and final particles of 
arbitrary spins. 

The paper is organized in the following way. In section 2 the partial wave 
expansion is given for the transition amplitude near the threshold. The spin- 
spin correlation parameters in the initial state of the reaction NN — > Y G + 
are discussed in section 3 using a non-standard method. In section 4 a gen- 
eral method is elaborated to derive formulae for the spin-transfer coefficients, 
tensor polarization induced by polarized or non-polarized beam, and spin-spin 
correlation coefficients for arbitrary spins in the binary reaction 1 + 2 —> 3 + 4. 
Explicite formulae are given for different values of the @ + spin. In section 5 we 
derive the full spin structure of the cross section of the reaction NN — > YQ + 
for the case of the spin-| particles. The results are discussed in section 6. Some 
technical details are explained in Appendix. 

2 Transition amplitude 

Assuming dominance of the s-wave in the relative motion in the final system, 
the most general expression for the amplitude of the binary reaction 1 + 2 — > 

3 + 4 at the threshold can be written as [48] 

T ^ = E Umh^\SM s )(js^u^\JM)x 

J M 
S Mg L m 

x(SM s Lm\JM)Y Lm (k)aj s . (1) 

Here ji and /i, are the spin of the i-th particle and its z-projection, J and M 
are the total angular momentum and its z-projection; S and L are the spin 
and orbital momentum of the initial system, respectively, and M s and m are 
the corresponding z-projections. The coupling scheme for angular momenta is 
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given by 



S=j(l)+j(2), S + L = J, j(3) + j(4) = J, (2) 

where j(i) is the spin-operator of the i-th particle. Information on the reaction 
dynamics is contained in the complex amplitudes a,j S . The sum over J in Eq. 
(1) is restricted by the conditions J = j 3 + j 4 , j 3 + j 4 — 1, |j 3 — j 4 |. We choose 
the z-axis along the unit vector of the initial momentum k, therefore Yk m (k) = 
\J{2 L + l)/47r5 m o- Due to P-parity conservation, the orbital momentum L in 
Eq. (1) is restricted by the condition (— 1) L = ir, where n = Ti\ tv 2 7r 3 7r 4 , and 7Tj 
is the intrinsic P-parity of the i-th particle. We consider here mainly transitions 
without mixing the total isospin T in this reaction 4 . Using the generalized 
Pauli principle, one can find that for given values of T and n the spin of the 
initial nucleons S is fixed unambiguously by the following relation 

(-If = 7T(-lf + 1 . (3) 

Therefore, in order to determine the P-parity n of the system at a given isospin 
T, it is sufficient to determine the spin of the NN-system in the initial state 
of this reaction. 

Let us to determine the number of the spin amplitudes aj S for a particular 

case of J3 = I and j 4 being half-integer, j 4 = |, |, |, For this case there 

are two total angular momenta J p = j 4 + ^ and J m = j 4 — |. For the spin- 
singlet initial state S* = only one orbital momentum is allowed, L = J, and 
therefore there is only one scalar amplitude, dj S = aj°, where (— 1) L = 7r. 
For 5 = 1 and j 4 > | there are three scalar amplitudes a 1 } 1 = aj: 

(i) aj, a£ +1 and aft" 1 , if (-1) J » = vr, 
or 

(ii) at (J m ? 0), aj +1 and af' 1 , if (-1)^ = -vr. 

For particular case of j 4 = j 3 = -|, one has J rn = and J p — 1. For this case 

4 The isospin mixing is possible, for example, in the reaction p + n — > S° + + , if 
the G + is an isotriplet. In this case the P-parity cannot be determined by using the 
method in question. 
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only two triplet amplitudes are allowed for n = +1, i.e. a\ and a\ , whereas the 
amplitude a° is forbidden by conservation of the total angular momentum. For 
7r = — 1 one has also only two spin-triplet amplitudes, one of them corresponds 
to J = 1, a\, and another one is allowed for J = 0, i.e. a\. 



3 Non-standard method 



For ji — j 2 — \ and for given spin S, one can find from Eq. (1) the polarized 
cross section dcr(pi,p 2 ) as 



^(pi,p2) = $ETOI 2 = 

( ^E(^i^|W) 2 E V^+l)(2^+l)(^ML0|JM)x 

x (S M U 0| J M)a L j S {a L j S )\ (4) 



47F M 2 2 ./ „W 1 L 



where $ is a kinematical factor. Using the relations (|/xi|/x 2 |00) = X^ttI xJ?P + 
and (|//i|// 2 |1A) = X^^a^X^?^ where <7j (i = y, A) is the Pauli matrix and 
Xn is the 2-spinor, one can find 

(^4^|00) 2 = i(l- Pl .p 2 ), (5) 



(-^-^ 2 |1M) = M (6) 

2 2 [jll ± (Pu+P2z) +PuP2zJ, M = ±1. 

In Eqs. (4), (5) and (6) p« is the polarization vector of the i-th particle with 
the spin ji = | being in the pure spin state Xm- 5 The unpolarized cross 
section is given as 

d* = *\ E KI 2 = ^E(2^i)l4T (7) 



5 On the other side, Eqs. (5) and (6) can be considered as the matrix elements of 
the projection operator \SM >< SM\ [49] taken between the states \[i 2 >■ 



7 



3. 1 The spin-singlet initial state. 



Using Eqs. (4), (5) and (7) one can find for the spin-singlet polarized cross 
section the following formula 

<Zcr(pi, p 2 ) = da Q (l - pi • p 2 ). (8) 

As seen from this formula, the spin-singlet cross section is equal to zero, if 
the polarization vectors of colliding particles are parallel (pi |T P2) and have 
maximal values (|pi| = |p 2 | = 1). In notations of Ref . [50], non-zero spin-spin 
correlation parameters for this case are the following: 

C X)X = C Vt y = C Z)Z = — 1, if S = 0. (9) 

In order to find spin-transfer coefficients, one should consider the following 
cross section 

<Mpi,p 3 ) = * £ mz\ 2 - (10) 

The polarization vector p! of the 1-st particle in the right side of Eq.(10) can 
be found only in the following sum 

= ^S P {l + CT. Vl ) = 1 -. (11) 

Since the vector pi is absent actually in the right hand side of Eq. (11), one 
should conclude that the all polarization transfer coefficients are zero for the 
spin-singlet initial state: K\ — = x,y,z). The obtained results for C it j 
and K\ are valid for any values of the spins j'3 and j'4, both of them being 
integer or half-integer. 

3.2 The spin-triplet initial state. 

For 5 = 1 and M — 0, Eq. (4) can be written as 
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da M =o(pi, P2) = 77— (1 + Pi ' P2 - 2p iz p 2z ) x 

lb 7T 

Elv^/aj' 1 - vOTTa^ 1 ! 2 . (12) 
j 

We obtain this formula from Eq. (4) using Eq. (6) and the following formu- 
lae for the Clebsch-Gordan coefficients: (10 J0|J0) = 0, (1 J - 10|J0) = 
y/j/(2J-l), (1 J + 1 0| JO) = -yJ(J+l)/(2J + 3). In order to simplify the 
notations, we omit in Eq. (12) and below the superscript S = 1 in aj S . The 
sum over the projections M — +1 and M = — 1 into right-hand side of Eq. 
(4) gives 



d<7M=±l(Pl,P2) = T^— (1 +PlzP2z) X 
lO 7T 



'Ejl^/Jaj^ + VJTTaj- 1 ] 2 , if (-1) 



J+i 



\j2j(2J+l)\aj\ 2 , if (-1) J = 7T. 

Here we used the following relations: (11 J — 1| JO) = ^g, (11 J — 1| J— 1 0) = 



v / JTT/ v /2(2J + 1), (11 J - 1| J + 1 0) = v / J/ v /2(2J + 1). Using Eqs.(12), 
(13), one can make summation over M in Eq. (4) and then present the spin- 
triplet polarized cross section in the following standard form [50] 

<MPi,P2) = da (1 + C XjX p lx p 2x + C yt yp ly p 2 y + C z , z p lz p 2z ), (14) 
where the spin-spin correlation parameters are given as 



Cx ' x ~ Cy ' y ~ Ejl(2J+1)|^| 2 ' ltb ~ 1, (15) 

C Z , Z =l-2Cy,y. (lb) 

As seen from Eq. (15), the spin-spin correlation parameters are non- negative 
for transversal polarization. One can see from Eq. (15) that the diagonal term 
aj does not contribute into the numerator of C x>x = C y>y . The obtained results 
for Cij are valid for any values of the spins j'3 and j'4, both of them being integer 
or half-integer. Eqs. (15) and (lb) are very simple for applications. Explicite 
formulae for different spins of the + will be given in the next section. 
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Considering the sum 5Z/x 2 (§A*i§A*2| l-^")(§A*i§A*2j 1-^"') ? o ne can find that this 
sum explicitly contains the polarization vector p 1 . Therefore, in contrast to the 
case of S — 0, the spin-triplet initial state S = 1 allows a non-zero polarization 
transfer in this reaction. In order to get the spin-transfer coefficients we use 
below a general method developed in Ref. [46]. 



4 General method 



According to Ref. [46], the amplitude in Eq. (1) can be written as 

M2 _ Xj 3 M3 ~X-3i Xjl Ml Xjl ^21 (1^) 

where F is an operator acting on the spin states of the initial and final parti- 
cles. This operator can be written as 

F= E T^XtrrMxUMXnrnMXnrnM, (18) 

7771 7712 7773 7774 

where Xj k m k {k) is the spin function of the kth particle with the spin and z- 
projection m k and T™2™£ [ s defined by Eq. (1). The operator F is normalized 
to the unpolarized cross section as 

$ 

da = 7 -SpFF + . (19) 

(2jx + 1) (2j 2 + 1) p 1 ' 

For the spin-triplet case (S — 1) with ji = j 2 = J3 = \ one can write 



AuSpFF + = 

\2J P + l)|oJ| 2 + (2J m + l)(|afe +1 | 2 + lafe" 1 ! 2 ) if (-1)* = tt, 
(2J m + l)|a£| 2 + (2J P + 1)(|4 +1 | 2 + laj" 1 ! 2 ) if (-1)^ = vr 

for j 4 > \ and 



(20) 



^3|a 2 | 2 + 3|a?| 2 if vr = +1 V ; 



for j 4 = \. 
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4-1 Spin- transfer coefficients. 



The spin-transfer coefficient, describing the polarization transfer from the 1st 

— * — * 

particle to the 3-rd one in the reaction ji + j 2 — > J3 + J4, is given by the 
following formula [46] 



Kl = 



SpFj x (l)F+j K (3) 
SpFF+ Jlj3 



(22) 



where and j K (3) are the spherical components of the spin operators 

of the particles 1 and 3 (A, k — 0, ±1), respectively. For arbitrary spins of 
all participating particles ji (i = 1, ... ,4) we found from Eqs. (1), (17) and 
(22) the spin transfer coefficient in the following general form (for details, see 
Appendix): 



Kt{\ -> 3) SpFF + = V. ^ W, J, ; U: + l)(2ji + l)(j 3 + l)(2j 3 + 1) x 

x y, \I( 2L + l ) ( 2L ' + X ) x 

SS'JJ'LL' J 



> J(2S + 1) (2S' + 1)(2J + 1) (2 J' + 1) (_i)ii+w+M+j4+s'+J'+L+i x 

x(l - A1A|J 0)(L'0L0|J 0) x 
J S L 



[ Jl J2 


s 


II 


J3 3 A 




[s 7 1 


jl 

J 




[Jl 


J3 J 



J' S' V 
1 1 Jo 



>a L /(a L ; s 'r 



■ (23) 



Here we used the standard notations for the 6j-and 9j-symbols [51]. In Eq. (23) 
the intermediate angular momentum J is even: J = and 2. The value Jo = I 
is excluded because the Clebsch-Gordan coefficient (L' L | J 0) equals zero 
for L' + L + J = odd and, furthermore, L' + L is even due to P-parity 
conservation. Taking into account this fact, one can find from Eq.(23) the 
following relations (for details, see Appendix): 



K-\ = Kll = -K = -Kl K° = Kl K = Kl = Kl = K z y = 0, (24) 



11 



and K\ = at % ^ j, where i, j = x, y, z. From Eq. (23) we also find that there 
is no polarization transfer {K\ = 0, i,j = x, y, z) for S = S' = in accordance 
with the discussion given in the section 3.1. These coefficients are also equal 
to zero for J = J' = 0: 



K{ = = x,y,z), if S = S' = or J = J' = 0. (25) 

For the spin-triplet transitions S — S' — 1, we find from Eq. (23) that K* = 
K% 7^ and K% = K z z ^ 0. Eq. (23) is a generalization of the formula given 
by Eq.(5) in Ref. [45] for the particular case of j\ — j 3 — \. 

Eq. (23) is rather complicated due to its general applicability. For particular 
case of ji = j2 = J3 = \ , we present below explicit formulae for K\ for 
j 4 = \, | and §. 



4.1.1 j4 = | 

For the total isospin T = and the P-parity n = +1 one has S = 1. For this 
case Eq. (23) gives (using the notation a 1 } 1 = a,j) 



\V2a!{ + al 


2 -ZRe{V2a\ + a\)aY 


3(K| 


2 + 


a? 


to 



= 1 v 1 ' 11 v v 1 ' 1/1 (06) 

y 3 (|a 01 ' ' 1 ' ' ' 

Kl = 3pFRR' (27) 

For T = 1 and n = — 1 one has 5 = 1. In this case Eq. (23) gives 



y |a.o| + 



3| 




2 






+ 3|a}; 


2 



= Li, 3 ' lii 3 . ( 29 ) 



which coincide (except for notations) with those obtained recently in Ref. [40] 
in the cr-representation for the amplitude. 
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For higher spins of the ^th particle j 4 > §, Eq. (23) also gives non-zero coef- 
ficients K£ and K z for S — 1. So, for j 4 — § we find 



4tt AT* = 3 



1 1 2 o i ^ 1 2 7~i / /7T 1 1* / ^ 1 ^ * / 3 o 1*1 

a 2 \ -3|a 2 | +itelV3a 1 a 2 -ij-a^ - y^ " 2 "" 2 ' 



4nSpFF + K z z = -{\a\\ 2 - |a}| 2 ) + | a| | 2 + i?e (v^o^af + v^a} 4* + v^af), 

(30) 



if T = 1 and n = —1, and 



AirSpFF+Kl = \a\\ 2 - \a\\ 2 + Re {^-a\a°* - \J^4< + V^aja 2 ^ , 
AnSpFF + K z z = %l\ 2 - \a\\ 2 - l -\a\\ 2 + Re (730a 2 . af - y/2a\a°* + v^af), 



(31) 



if T = 7r = +1. The factors SpFF + in Eqs. (30) and (31) are given by Eq. 
(20). 

4.1.3 34 = l 

We consider here the case of j 4 — |, because there is an experimental indica- 
tion for this value of the spin of the 6 + (1540) [10]. For j 4 = | we find 



4tt SpFF + K'l = 2(\a 3 2 \ 2 - |4| 2 ) + Re ^2y/7. 



a 3 a 2* ^— a s a 2* + -g-ai a 2 



4-rrQ«PF+ A^ 2 - ''u 3 ! 2 I „ 1 1 2 2 |„3|2 | D e ( ^J_ n S n 3* , 4y / 42 3 1<t 2^ 3 „1* 

An bpfi K z - -\a 3 \ - \a 2 \ — — I 1 I — 3 — a 3 a 2 H g— a 3°2 g - °2 a 2 



if T = 1 and 7r = —1, and 
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4tt SpFF + K y y = A(\a\\ 2 - \a\\ 2 ) - Re ^ 



2V30 



.2 „2* 



2v/3 



i 2 tt 3 



Oo 



AvSpFF^ K z z = --\a\\ 2 + -| a3 f + \a\\* + Re 



.2|2 



,4 1 2 



4V30 



2 4* , 

a 2 a 3 + 



8V10 



4^ 



2 2* , 4 
°2 «3 + «3 



if T = and 7T = +1. 



^.2 Spin-spin correlation coefficients. 



In this section we consider spin-spin correlations in the initial and final states 
of the reaction 1 + 2^3 + 4. 



4-3 Spin-spin correlation in the initial state j\ + jz + H 



The initial spin-spin correlation coefficient is defined as [50] 



Ca, k — 



SpF] x (l)] K (2)F+ 
SpFF+jth ' 



(34) 



where j a (i) (a = 0, ±1) is the spin operator of the i-th particle. Using Eqs.(l) 
and (34), we find for arbitrary spins ji (i = 1, . . . , 4) 



C X , K Sp FF + = V. ^3x X 32 X (ji + mil + l)(j 2 + l)(2j 2 + 1) x 

x E (~1) 5+J (2J + 1)^(25 + 1)(2S" + 1) x 

E (-l)V( 2J o + l)(2^' + l)x 
x(1A1-A|J 0)(J 0L'0|L0) x 



SS'J 



X 



X 



5' S J 
L V J 



S' 3i 32 
S ji 32 
Jo 1 1 



}a L /(a L ; s r. (35) 
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Using relations similar to those, which were employed for deriving of Eq.(24)(see 
Appendix), we find from Eq. (35) the following relations: 



C+i,-i — C-i,+i — —C x ,x — —Cy^y 7^ 0, (36) 
and C 0i o = C z>z ^ 0, whereas 

C i:j = ifi^j, = x, y, z). (37) 

One can see from Eq. (34) that the following relation holds independently on 
the production mechanisms: 

£ = C x , x + C y>y + C g , z =\(l) ■ 1(2) /(ji 32). (38) 

Therefore, £ is fixed by the spin S. For j\ — j 2 — |, one has E = — 3 for 5 = 
and S = +1 for S = 1 in accordance with the above results given in Eqs. (15), 
(16) and (8). From Eq. (35) one can find that C X)X = C y , y = C ZtZ = —1 for 
S = S' = 0. For S = S' = 1, Eq. (35) is a generalization of Eqs.(15) and (16), 
derived for the particular case j 1 — j 2 — \ 

Using Eq.(35) one can write explicite formulae for Cjj, which coincide with 
those obtained from the more simple formula in Eq.(15). We present below 
the formulae for C y>y for different j\ at ji = j 2 = J3 = \ and S = 1. The 
coefficient C Zj2 can be found as C Z)Z = 1 — 2C y , r 

4-3-1 H = \. 

C v>y= InJfL^ if^ = -landT = l; (39) 
1 1*0] ~r oj c*^ j 

Cy, y = J, ■ 1 0l2 V Q ,^, 2 , if7r = +landT = 0. (40) 
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4-3.2 j 4 = |. 



a 



y,y 



\V2al- V?>al\ 2 

3| a l|2 + 5 | a l|2 + 5 | a 3| 2 ' 





\a\-yf 


2a? 


2 


3|«?| 


2 + 3|a? 


2 + 5|a 2 


2 



if 7r = — 1 and T — 1; 
if 7T = +1 and T = 0. 



(41) 



j 4 = |. 



C, 



- v^ajl 


2 




2 + 5|a| 
V3a 2 - 


2 + 1 
2 a|| 


VII 2 

2 


5|a| 


2 + 7|a| 


2 + 7|a|| 2 



if 7T = -1 and T = 1; 
if 7T = +1 and T = 0. 



(42) 



4-4 Spin-spin correlation in the final state ji + j 2 — > J3 + J4 



By analogy with Eq. (34), for the spin-spin correlation in the final state, we 
can use the following definition 

cf _SpF + ] x (3)j K (A)F 



' A ,K 



(43) 



SpFF+j 3 j 4 

We should note that in comparison with Eq. (34) the right hand side of Eq. 
(43) looks as the spin-spin correlation in the initial state of the inverse reaction 
3 + 4 — > 1 + 2. For arbitrary spins j'3 and j 4 we find from Eq. (43) 



C{ K SpFF+ = <V« ^Js 1 ^ 1 Us + l)(2j 3 + 1) tU + l)(2j 4 + 1) 



x 



x 2 (-1) 5+J (2J + 1)(2J' + 1) x 
j J' 5 

x £ (-l)V( 2J o + l)(2L' + l)x 

L L' J 

x(1A1 - A j J 0) (JoOL'0|LO) x 



J' 5 V 
L J J 



J 1 h h 
Jo 1 1 



}a L J s (a L ; s 'Y.(U) 



16 



Here J = and 2. Others angular momenta J, J', S, L, L' are defined in the 
section 2. This formula is valid for arbitrary values of the spins j% being integer 
or half-integer. We found from Eq. (44) the following relations: x = 

C£i,+i = ~Cl x = -Cf tV ? 0, C{ fl = C{ z ± 0, whereas C&. = at i ^ j 
(i, j = x,y,z). Below we derive explicite formulae for C{ K for j'4 = | and |, 
assuming j\ = h = h = §■ 

One can see from Eq. (43) that the sum of the diagonal terms Cij is determined 
by the total spin J = j(3) + j(4) as 

s / = ci x + c; tV + ci = 

= j(3) • j(4)/(j 3 j4) = ^— [J(J + 1) - jsUs + 1) - h(j4 + 1)] • (45) 
We will use below Eq.(45) as a check for the derived formulae for C{j. 

4-4-1 The case of j 4 = \ 
One can find from Eq.(44) 

Cl, x = C[ y = Cl z = -1, if 7r = +1 and T = 1 (46) 



and 



c ™ = ~Ki 2 +°3Kr^ = if ^ = - 1 and T = 1 

, = 3|al| 2 -3|a^| 2 = (+1, J = 1, 
l«ol 2 + 3|a}| 2 1 -3, J = 0. 



(47) 



The final spin-spin correlation coefficients for it = +1 given by Eq. (46) differ 
from those for n = — 1 given by Eq. (47). The only exception is the point 
where a\ = (but a\ 7^ 0). 

For the case of T = one has 

Ct = C' tV = +1, C{ z = -1, if tt = -1 and T = 0. (48) 
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and 







-V2al\ 


2 


3(KI 


2 + 


a 2 


to j 



<^L = o ^ 0l2 SLv = 1 " 2C WlS , if 7r = +1 and T = (49) 



Eq. (49) coincides with Eq. (39). One can see from Eqs. (48) and (49), the final 
spin-spin correlation coefficients are different in absolute value for positive 
and negative parity ir. Only exception is the point a 2 = — y/2a® at which 
the coefficients Cj j for n = +1 are identical to those for n = — 1 and have 
a maximal absolute value. One can see, Eq. (49) coincides with Eq. (40): 

^x,x ^y,y ^x,x ^y,y 

44.2 The case of j 4 = § 
For T = 1 and ix = — 1 we find 



cl 



U-IJ 



120(14; 


2 + 


al\ 


2 ) - |3a 


\ + y/3al + V2a 3 2 \ 2 


6 


3|a{| 2 + 5|4; 


2 + 5i 


all 


2 



f 1 \3a\ + V3al + y/2a%\ 2 - 5(3|a} + \al\ 2 + \a 3 2 \ 2 ) 
z > z ~ 3 3|a}| 2 + 5|4| 2 + 5|a|| 2 



(50) 



3 3|a}| 2 + 5|4| 2 + 5|a|| 2 ~ |+1, J = 2. 1 J 

For T = 1 and 7r = +1 one has 

CL = +l C L = ~l- (52) 
Let us consider the case of T = 0. For tc = +1 we find 



y,y 



15 
6 


21 
«2 


2 111 
6 


2 

Oil 


2 10 
6 


a? 


to 




^a 2 af- 


f v|o a 2 a o*_y^ a 2 a o^ 


3K| 


2 + 3|a 2 i 


2 + 5|a 2 : 


2 



-§|a 2 | 2 - §|a?| 2 + 2Re (^fa 2 a 2 * + a 2 af - ^a 2 af) 



3|a?| 2 + 3|a 2 | 2 + 5|a|| 2 

= 1 



5[|a| 


2 — 


a 2 ! 


2 _ 


a?| : 


2 ] 


3: 




2 + 3, 


a?! 


2 + 5|a 2 


2 




, (53) 
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For T = and tx = — 1 one can find 



nf — nS 
^x,x ^y,y 



2 c' =- 1 

3' 2 ' z 3 



(54) 



4-4-3 The case of j± = | 



For T = 1 and n 



cl 



1 56|a|| 2 - 43|a3| 2 - 42\a\\ 2 - 2Re (Ay/lalaf + 2^a\a\* - ^a\af) 



INI 15 5|a^| 2 + 5|a|| 2 + 7|a|| 2 



1 -7 


<4 


2 -19 


a\ 


2 -21 


a\ 


2 + ARe [ly/7a\af 


+ 2^42^4* - V6alaf 


15 










5 


a\ 


2 + 5|ai 


2 + 7|a| 


2 



Z f = 7 



(l«§ 


2 _ 


«2l 


2 _ 


«2 


to 


5|4| 


2 + 5|a| 


| 2 + 7|al 


2 



7-2 

5' J _ Z ' 

+1, J = 3. 



(55) 



For the singlet initial state at T = 1 and n = +1 we find 



rf = r f = — - = — - 



(56) 



For T = and 7r = +1 we find 



y,y 



Cl = 



1 -40|a 2 


2 + 60|a| 


2 + 59|a| 


2 -4Re 


V30o|af + 2^/l0a 2 a 2 3 * + VSaja 2 / 


15 

1 -251a 2 . 


2 - 13|a§ 


5| 

2 -15|a| 


4\ 2 + 7\c 
2 + 8Re 


4l 2 + 7|a|| 2 

V30alaf + 2VWa 2 2 a 2 3 * + V?>a\af 
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5 | a 2|2 + 7 | a 4|2 + 7 | a 2|2 

S / = 7- 



(- 


\a\ 


;| 2 + 


a 2 


2 + 




2 ) 


5|< 


J 2| 


2 + 7|a|| 2 + 7|a|| 2 



-h J = 2 > 

+ 1, J = 3. 



(57) 



For the singlet initial state at T = and rr = — 1 one can find 



r-f = r-f — - r f = — - 



(58) 
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4-5 Spin-tensor correlation in the final state induced by polarized beam 



The spin-density matrix of the particle with the spin j is determined by (2j + 
1) (2j + 1) tensor momenta, tjM- Here J is the rank (J = 0, 1, ... , 2J) and M 
is the magnetic quantum number (M = —J, — J + 1, . . . , +J). Let us define 
the spin-transfer coefficient for induced tensor polarization as 

- J 3 m 3 ,j 4 m 4 _ Sp {Tj 3 m 3 (3)Tj 4M4 (4) F T JlMl (1)F+} 



K 



SpFF+ 

where T JiMi {i) is the tensor operator of the i-th particle, normalized as [51] 



(59) 



SpTj M Tj' M ' — Sjj'5 



M'M- 



(60) 



Using Eqs.(l), (18) and properties of the T JM operators [51], we find the 
following formula 

K jsMs,J,M 4 SpFp+ = l_ V / ( 2J 1 + 1)(2J 3 + 1)(2J 4 +1) 
x Yl (2J + 1)(2J' + l)y/(2L + 1) (217 + 1) x 

SS'JJ'LL' J J' 



x ] /(2S + 1) (25' + 1) (2 J + l)(-i)( 3 0i+ia)-s+i x 
x(J - Mi JiMi|JoO)(L , OLO|JoO)(J 3 M 3 J4M4|Jo-Mi) x 




J 1 


J3 


J4 




J' S' V 




< J 


J3 


u 


> < 


J S L 


>a L j s irt s 'y 


Jo 


J 3 


J 4 




Jo J\ Jq 





(61) 



Due to presence of the Clebsch-Gordan coefficient (L'0L0| J 0) in Eq. (61) and 
P-parity conservation only even J contribute to the right side of Eq.(61) 



L + L' + Jq is even, J' G is even. 



(62) 



We are interesting here in the case of M 4 = and J 4 being even, because for 
this case the tensor polarizations tj 4 o can be measured via angular momen- 
tum distributions in the strong two-body decay of the 6 + (i.e. ^-th particle) 
into the nucleon and pseudoscalar meson [52]: 6 + — > iV + K. As it follows 
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from Eq.(61), the coefficient Kjl^ ,J4M4 is non-zero only under the following 
condition between the magnetic quantum numbers 

M 1 + M 3 + M 4 = 0. (63) 
If Ji + J 3 + J 4 is even, the following relations are valid for M 4 = 0: 

TS-Jz— 1,^4 t^J3+1,J40 7^J3+1,J40 TfJz— 1,J4 n /"ft/H 

For Ji = J 3 = 1 Eq. (64) can be rewritten in terms of Cartesian components 

as 

T^lx,J^0 _ T^lyJiO _ jy-l+ljJiO _ Tfl—1, J4O 
n li — -^ly — ^1-1 — -"-1+1 ) 

Kl^° = if a ^(3 (a,P = x,y,z). (65) 
The coefficient Kj 3 J M ° can be non-zero only for J x + J3 + J4 being even, 

K J jf j4 ° ^ 0, if Ji + J 3 + J 4 is even. (66) 
If Ji + J3 + J 4 is odd, then one can find 

T^Js-l,JiO _ TfJ 3 +l,J4,0. i^l-l,J 4 _ -tv-I y, J4O _ •7>-lx,J40 / fi7 \ 

k\1> Ja0 = k\ v / a0 = o, (68) 

Eq.(61) is rather general and can be used for calculation of the above consid- 
ered spin observables. So, if one put in Eq.(61) J 4 = and M 4 = 0, then the 
spin transfer coefficient K@ (a, (3 = x,y, z), given by Eq.(23), can be obtained 
from Eq.(61) as 
1 



K = 3W, ; ./,A/: + l)(2ji + l)(i 3 + l)(2h + l)(2j 4 + 1)K^ 00 . (70) 

When substituting Ji = and Mi = into Eq.(61), one can find spin-tensor 
correlation in the final state. In particular, Eq. (44) follows from Eq.(61) at 
J x = 0, Mi = 0, J 4 = 1. 
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For the spin-singlet initial state S = S' = the coefficients K J jf^ 34M4 are 
non-zero only for unpolarized beam (or target), i.e. J\ = M 1 = 0, as it follows 
from presence of the second 9j-symbol in Eq. (61) 

A XiMi — 0^,0^1,0-^00 , II £ — £ — U. {(I) 

For ,J\ = Mi = one has J = J , where J' is even, according to Eq. (62). 
Furthermore, at j 3 = | two values are allowed for the rank J 3 : J 3 = and 
J 3 = 1. (i) If J 3 = M 3 = 0, then only even ranks J4 are allowed, as follows 
from the Clebsch-Gordan coefficient (J 3 M 3 J 4 M 4 | J — Mi) in Eq.(61). (ii) For 
J 3 = 1 the non-zero coefficients K^ 3 ' J4M4 are allowed for M 3 = -M 4 ^ both 
for even and odd J 4 . However, for the practically interesting case of M 4 = 
one has M 3 = due to Eq.(63). Therefore for Ji = , M 4 = and even J 4 
the value J 3 = 1 is not allowed due to Eq.(66). Thus, for unpolarized beam 
and M 4 = only the coefficients i^Qo' j4 ° with even rank J 4 are non-zero: 

K™> j4 ° ^ 0, if J 4 is even. (72) 
This result is valid both for the spin-singlet and spin-triplet initial states. 

— * 

4-5.1 Tensor polarization for j 1 + j 2 — > j 3 + j 4 

Here we consider the tensor polarization of the 4-th particle, tj i0 , when all 
others particles are unpolarized in the binary reaction 1 + 2^3 + 4. The 
tensor polarization of the 4-th particle can be calculated as 



S P FF+T JaMa {A) 

JiM4 ~ Sp~FF^ • ( ] 

Using Eq.(59) and the normalization of Tjm operator given by Eq.(60), one 
can find the relation 



tj 4 o = V /(2j 1 + l)(2 j3 + lX^ . (74) 
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For the spin-singlet state S — S' — 0, the tensor polarization of the J^-th- 
particle does not depend on the dynamics of the reaction 1 + 2-^3 + 4 at the 
threshold and intrinsic parity of particles and takes the following values 



11 3 

£oo = ^> *2o = - gj for k = 2 and n = ±1 ' ( 75 ) 

1 2 1 5 

to ° = VE ' t2 ° = "TIT' tm = ' for j4 = 2 and n = ±1, ^ 



(77) 



For the spin-triplet state S = 1 we find the following formulae for tj 40 with 
the even rank J 4 : 



AnSpFF + t 20 = ^\a\\ 2 -2\a\\ 2 - 7 -\a\\ 2 - (78) 



/ 3 13* 3^/3 1 x * \/6 3 1 * 

for j 4 = §, T = 1, 7T = -1, 



4nSpFF + t 20 = — ||al| 2 — Jj|a?| 2 - (79) 



for j 4 = |, T = 0, tt = +1, 



AxSpFF+t* = -^l«2| 2 " ik'l 2 " - (80) 
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-Re l-ajal* + v^af - 2^1^ af 



for j 4 = § , T = 1, 7T = -1, 



2' 



4irSpFF + 1 20 = 



2 1 2 




(81) 
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for j4 = |, T = 0, tt = +1, 



47r^FF + t 40 = ^|^| 2 + 5v/71 " 312 




Q 1 * 

a 3 a 2 



21 1 

10 q^* , _ / 2 
y«3«2 _ 10 V 21 °2 °2 



+ 



(82) 



for j 4 



|, T = l, vr 



-1, and 



4nSpFF + Uq = -^-{— 20|al| 2 + 27|a|| 2 + 22|a|| 2 + 

+10i?e (VSO a 2 2 at* + 2Vl0a 2 2 a 3 2 * -2y/Za\ af)}, (83) 

for j 4 = |, T = 0, 7r = +1. The formulae for SpFF + are given by Eq. (20). 

The tensor polarization t j of the odd rank J vanishes, as can be seen from 
Eq. (72). 

4-5.2 Induced tensor polarization for j 1 + j 2 — > jz + J4 

As follows from Eq. (71), for the spin-singlet state the tensor polarization of 
the 4~th particle cannot be induced by polarized beam (Ji ^ 0). 

For the spin-triplet state S — S' — 1 and ^ ^ the non-zero coefficient 
-^JiMi° 7^ is allowed only for Mi = as it follows from Eq.(63), i.e. for 
longitudinally polarized beam. Furthermore, according to Eq. (66), only odd 
rank J 4 is allowed for i^io' J4 °- Since the case with odd J 4 is not interesting for 
our purpose, we do not consider here this option in detail. 



4-6 Spin-tensor correlation for j 1 + j 2 — > j 3 + j 4 



Assuming the spin of the 3-rd particle is j'3 = |, we find for M 4 = that 

— # — # 

the spin-tensor correlation in the final state of the reaction j\ + ji —> 3z + H 
for unpolarized beam (J x = M 1 = 0) and target (J 2 = M 2 = 0) is non-zero 
(Kq®' ' h ^ 0) only for odd rank J 4 (see Eq.(66)). 
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For j 3 > | and j 4 > | the spin-tensor correlation coefficient Kqq 0,J4 ° could 
be non-zero for J 3 and J4 being even, however, the number of independent 
spin amplitudes increases in this case that makes the relation between this 
coefficient and P-parity non-transparent. 

— » — * — * 

4- 6. 1 The observables for j\ + 32 — ► J3 + Ja 

We consider below the final spin-tensor correlation, K\y' JQ ', induced by the 
transversally and longitudinally polarized beam (or target) in the reaction 
\ + \ — > \ + ji- This coefficient is non-zero only for the spin-triplet initial 
state. 

For the even rank J one can find from Eq. (61) 



^SpFF+K{f« = \{\al\ 2 -\a\\ 2 ) + 

/ 3 1 o* "V^G o 1 * 1 1 *\ 

+Re[-—a l a 2 + —a 2 a 2 - —a x a 2 J, 



for j 4 = f, T = l, tt = -1, 



^| 2 + 



2 

/2I 

4 

for j 4 = f, T = 0, tt = +1, 



47r5p^^ 20 = -^=(|aJ| 2 -|al| 2 ) + 



+#e(^— -a 3 a 2 — a 3 a 2 - — — a 2 a 2 J, 



(84) 



AtiS P FF + Kl z /° = -^{3\a\\ 2 + 2\4\ 2 + 3\a\\ 2 + 2V6Reala 1 2 }, (85) 



+jRe (^|O a 2 a o* _ ^ a 2 fl o* _ ^^2*)^ (g6) 



4tt^FF+ = -\{2\a\\ 2 + |a 2 | 2 + 5|a 2 | 2 + 2y/2Re 0*0°*} (87) 



4vr^FF+ ^f = -^{v / 2l(49|^| 2 + 4|«|| 2 + 6|a 2 | 2 ) + 

+Re(210V2ala 1 2 + 12>/l4 a|a£* + 14(h/3djaf ) }, (89) 
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for j 4 = f, T = l, tt = -1, 



-^ J Re(4v / T0a^af - 2 v / 3l)a 2 .a 2 * + 4a|af), (90) 

AnSpFF + Klf° = -^{v^( 2 l|^| 2 + 28|a|| 2 + 10|a 2 | 2 ) + 

+ite(3(h/l0ala|* + 20v / 30a 2 .af + 84 a£af )}, (91) 

for j4 = |, T = 0, tt = +1, 



4vrW + ^r° = ^(|a 2 3 | 2 -|4| 2 ) + 
+ite(djaf - ^j-alal* + -^=44*)}, 
4irSpFF + Kl z z ' 40 = ^{V7(l6\a 3 2 \ 2 + 24|4| 2 + 49|a|| 2 ) + 



AnSpFF* Kit* = ^{\4? - \4?) + 



(92) 



+Re(-2Sa\af - UV§44* + 16^42^4*) } (93) 
for j 4 = |, T = 1, 7r = —1, and 



+Re(-^alaf + ^ajaf - ^44% (94) 

AixSpFF + Kl z /° = ^{28\4\ 2 + 21|a|| 2 + 40|a 2 | 2 - 
84 

-Re(2Vso44* + ^Vw44* - 28 ^44*)}, ( 95 ) 

for j 4 = |, T = 0, 7T = +1. 

For t/ie odd ranA; J, one has i^oo' J ° = 0> therefore the tensor polarization of 
the particle ti , £30, • • • , is equal to zero if the beam is unpolarized and the 
polarization of the 3- rd particle is not measured. However, the tensor polariza- 
tion of the odd rank can be induced by polarized beam in the transitions from 
the spin-triplet initial state. So, for S — 1 we obtained the following results: 
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-"2|a?P + |a?r (96) 
for j 4 = i T = 0, 7r = +1; 



K i y ,w V3 Ima\al* 
lx " 2 3|al| 2 + |o^| 2 ' 1 J 



forj 4 = ± T = l, tt = -1; 



A7iSpFF + KIx' 10 = -^ImflOVSajaf + 5^6 aja 2 ,* + Sv^af ), (98) 



forj 4 = f, T = 0, tt = +1; 



AnSpFF + kIx ,W = j^Im(3V2a\a 3 2 * + 2^4^* + ^a\af ), (99) 



40 

for j 4 = |, T = l, tt = -1; 



47r 1 SpFF+K 1 1 ^ 30 = ^/m^v^a** + 2v / 42a^af + 5^4^*), 
±kS P FF+K\2™ = -^Im^alaf + ^ a\af + Sa\af) , (100) 

for j 4 = i T=l, tt = -1; 



4 7 r^FF+X 1 1 ^ 30 = -i/m(^af + v^af + ^3^*), 
AnSpFF + K\l' 10 = ^Im(l0y/3<4<4* + 15a 2 3 a 2 2 * + 7v / 30a 2 i af ), (101) 
for j 4 = i T = 0, tt = +1. 



5 Full spin structure for the reaction \ + \ — > \ + \ 



Here we give the full spin structure of the binary reaction for j 1 = j 2 = js = 
U = \- 
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5.1 The reaction pn — > A°6 + 
5.1.1 The negative parity 

For the case T = and n — — 1, one has S = 0. In this case the amplitude (1) 
describes the transition 1 Pi — > 3 Si and can be written as 

^ = E (X£*A x£ )+ ) (xff^X^kaJ^al . (102) 

When deriving Eq. (102) from Eq. (1) we used for the Clebsch-Gordan coef- 
ficients the formulae given above after Eq. (4). The unpolarized cross section 
corresponding to the amplitude (102) takes the following form: 




(103) 



that is in agreement with Eq. (7). In order to calculate the polarized cross 
section we use the density matrix for the spin-| particle being in the pure spin 
state Xih i n the following form: 

X»,xt = \{l + <r-Vi)- (104) 

Using Eqs.(104) and (102) one can write the cross section with polarized both 
initial and final particles as 

^(pi,p 2 ;p3,P4) = $|m;^|2 = 

= ^da (1 - Pl • pa) [1 + p 3 • p 4 - 2(p 3 • k)(p 4 • k)]. (105) 

The polarization vectors of the final particles P3 and p4 are determined by 
the reaction amplitude (102) and can be found using the standard methods 
[46,50]. After performing this step and substituting the obtained vectors P3 
and p 4 into Eq. (105), one can find the polarized cross section da(pi, p 2 ) given 
by Eq. (8). However, the calculation of p 3 and p 4 is not necessarily and Eq. 
(105) is sufficient to find all spin observables for the reaction described by 
the amplitude (102). In particular, one can see from Eq. (105) that there is 
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no polarization transfer in this reaction (Kf = 0, i,j = x,y,z), but there are 
spin-spin correlations in both the initial and final states. 



5.1.2 The positive parity 

For T = and 7r = +1 we have S — 1. In this case the amplitude in Eq.(l) 
describes the transition 3 Si — 3 -Di — > 3 S 1 and can be written as 

Kl%= E (xt^xZ )+ )(xZ )Z ^^), (106) 

a=x,y,z 

where U a is the following spin operator 

n a = G<j a + Fk a ((T-k) (107) 



with 



V2 

and 



G = -L (a? + 4= a?) (108) 



4 (109) 



The cross section with polarized initial and final particles is the following 



rfa( Pl ,p 2 ;p3,p4) = $|M^| 2 = 

X E ^{^(l - <7 • p 4 ) 0-/3(1 + <T-p 3 )} X 

x i^{n+ (1 + o- • P2 ) n^i - <t ■ Pl )}. (no) 



Calculating the traces in Eq. (110), one can find finally 



29 



<MPi, p 2 ; Pa, P 4 ) = \da ^l + (|F + Gf + 2|Gf ) 1 j|F + Gf( Pl • p 2 + p 3 • p 4 ) - 

+2(|F| 2 + 2ReFG*) [ ( Pl • k)(p 2 • k) + (p 3 • k)(p 4 • k) 



+ 



+2(|G| 2 + 2ReFG*) ( Pl + p 2 ) • (p 3 + p 4 ) - 2ReFG*( Pl ■ k + p 2 • k)(p 3 • k + p 4 • k) + 



+2ImFG* 



+ 



{((p 3 • k) [p 4 x k] + (p 4 • k)[p 3 x k] ) • (pi + p 2 )} - {. . .1 <-> 3,2 <-> 4. . . } 

+4|F| 2 (p 1 -k)(p 2 -k)(p 3 -k)(p 4 -k)- 

Pi • p 2 )(p 3 • k)(p 4 • k) + ( Pl • k)(p 2 • k)(p 3 • p 4 )] + 



-2{\F\ Z + 2ReFG* 



+2ReFG* 



{( Pl • k)(p 3 • k)(p 4 • p 2 ) + (pi • k)(p 4 • k)(p 2 • P 3 )}+{- . . 1 <-> 2 . . . }] + 



+ (\F + Gf - 2|G| 2 ) ( Pl • P2 )( P3 • P4 ) + 2|G| 2 [( Pl • p 3 )( P2 • p 4 ) + (p 2 • P3 )( Pl • p 4 ) 



111^ 



The unpolarized cross section for this case is the following 

da = U { \G + F\ 2 + 2\G\ 2 } = ^3(|a?| 2 + |a 2 | 2 ), (112) 

were we used Eqs. (108) and (109). All spin observables for this reaction are 
contained in Eq. (111). For example, the spin-spin correlation coefficient Cjj 
is a factor in front of the product of the polarization vectors of the 1-st and 
2-vA particles, pnP2j, in Eq.(lll). One can find these coefficients as 

Ox,x- | G + F | 2 + 2 | G | 2) ^z,z- | G + F | 2 + 2 | G | 2) U 1 ^ 

which coincide with Eqs. (15) and (16), respectively. The spin transfer coeffi- 
cient Kf is the factor in front of the product of the polarization vectors of the 
1-st and 3-rd particles, PnP3j, in Eq.(lll). One can find from Eq.(lll) 



X x = 0— —- K z = I'll A) 

|G + F| 2 + 2|G| 2 ' z |G + F| 2 + 2|G| 2 ' 1 ; 

which coincide with Eqs. (26) and (27), respectively. One can find also from 
Eq. (Ill) the coefficient K^ lz as 6 



6 Here K^' 10 is defined by Eq. (59) and the additional factor 2y/2 in Eq.(115) 
follows from the relation between the spin-tensor Tim and cr-matrix: om = V^^im- 



30 



Tfly, lz _ jflz,ly _ jflz,lx _ j^lx,lz _ 
21 Ix — A li — ~ Jx ly — ^ly — 

1 2ImFG* 1 Imalaf 



2^2\G + F\ 2 + 2\G\ 2 2 |a?| 2 + |a 2 | 2 ' 



(115) 



that coincides with Eq. (96). One can find from Eq. (Ill) also the coefficients 
in front of the products pnP2j P3k, which we denote here as Kfy These co- 
efficients describe the spin-spin correlation in the initial state, which induces 
the polarization of the final particle: 



K x = _ R y = R x = _ K y = ^'lir^ 

^z,y "z,x ^y,z "x,z i q _j_ p 1 2 _|_ ^ I Q\ 2 K^^J 

For the spin-singlet initial state (see Eq.(105)) these coefficients equal zero. 
5.2 The reaction pp — > S + + 

In the reaction pp — > S + + the initial state is an isotriplet, T = 1. Therefore, 
for 7r = +1 one has S = whereas for rr = — 1 one obtains 5 = 1. 

5.2.1 The positive parity 

In case of n = +1 the amplitude (1) describes the transition 1 S , — > 1 5 , and 
can be written as 



The cross section with polarized initial and final particles is the following 



<MPi,p 2 ;p 3 ,P4) = $ \Kl"t\ 2 = 

= \da (l - pi • p 2 ) (1 - p 3 • P4)- (118) 



One can see from this formula that C XjX = C Vjy = C Z:Z = — 1 and C{ x = = 
C^ z = — 1, where C{j is the spin-spin correlation parameter in the final state. 
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5.2.2 The negative parity 



For 7r = — 1 one has S — 1 in the reaction pp — > £ + + . In this case the 
amplitude (1) can be written as the following sum of the two terms /o and fi, 
describing the transitions 3 P — ► 1 5'o and 3 Pi — > 3 Si, respectively, 

Mj«£ = f + fi, (H9) 

where 



/o = --^ E (x£*Axff + )(xff^X,A4 (120) 



fi = i 



^ _E ^i-teJ^^x^Cxff^^)-!; (i2i) 



here ej; a is the fully antisymmetric tensor. 



2 _ 1 I 1 1 2 * ^ 1 



^l Q o| 2 E -M (T /3(l-cr-P2)^ / 3'(l + cr -Pi)} x 

xi 1 Sp{(l + < T-p 4 )(l- < T-p 3 )}, (122) 



fl| 2 — — \<A\ 2 E tilaCi'l'a'kiki' X 

i,i,l,l,a ,a'=x,y,z 



X^SpWl (1 - <T • P2) CT|/(1 + <T • Pi)} X 

x^SpK (1 + o- • P4) M 1 - o- ' Pa)}, (123) 



/o /1 = J 2 °i( a o)* E diakpkiX 

' i,l,a ,8=x,y,z 



,P=x,y,; 

x ^Spfa (1 - cr ' P2) ^(l + cr • pi)} x 

x.\s P {a a (1 + <r • p 4 ) (1 - a- ■ p 3 )}, (124) 
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' i,l,a ,f3=x,y,z 

^Sp{a/3 (1 - <x • p 2 ) <Ti(l + cr • pi)} x 

x^pK(l- < r-p 3 )(l + o--p 4 )}, (125) 



Performing the traces in Eq. (110), one can find finally 

da( Pl , p 2 ; p 3 , p 4 ) = H\fo\ 2 + |/i| 2 + fo fi + ft fi) = \da jl + (|aj| 2 + 3|a}| 2 ) _1 x 

x ||aJ| 2 [( Pl ■ p 2 ) - (p 3 • p 4 )] + (3\a{\ 2 - 2|aJ| 2 )( Pl • k)(p 2 • k) + 3|a}| 2 (p 3 • k)(p 4 • k) + 

+3|a}| 2 ( Pl • k + p 2 • k)(p 4 • k + p 3 • k) + 
+VQRe ala\* (( Pi • k + p 2 • k) (p 4 • k - p 3 • k) - (pi + p 2 ) • (p 4 - p 3 )) 

-VGImal (al)*^(k- [p 4 x p 3 ])(pi • k + p 2 • k) - 

-[P4 x p 3 ] • (pi + pa) - (p 2 • k)((p 4 - p 3 ) • [k x Pl ]) - 

-(Pi ' k)((p 4 - Ps) • [k x p 2 ])^J - 

-y/QReal (a{)* (\[p 3 x p 4 ] • [k x P i])(p 2 ■ k) + ([p 3 x p 4 ] • [k x p 2 ])( Pl • k)^ - 

-(K| 2 + 3|a}| 2 )( Pl • p 2 )(p 3 • p 4 ) - 3|a}| 2 [( Pl • p 2 )(p 3 • k)(p 4 • k) + 

(2|ai| 2 + 3|al| 2 )(p 1 -k)( P2 -k)( P3 - P4 ) + 



+3|a}| 2 (k • [ Pl x p 3 ])(k • [p 2 x p 4 ]) + (k • [ Pl x p 4 ])(k • [p 2 x p 3 ]) 



(126) 



Here the unpolarized cross section is given by 

^o = I ^{l4| 2 + 3|a}| 2 }. (127) 

One can see from Eq. (126) that terms with interference of the amplitudes 
a\ and a\ are antisymmetric under permutation of the indices 3 and 4. This 
follows from the fact that the amplitude fi given by Eq. (121) is symmetric 
while the amplitude f in Eq. (120) is antisymmetric under permutation of the 
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indices of the nonidentical particles 3 and 4. Thus, one can find from the ^-th 
line in Eq. (126) that K%{1,2) = K%(2,3) = -K%{1,4) = -K%{2,4), where 
Kj(l,m) describes the polarization transfer from the l-th to m-th particle. All 
results obtained in the previous sections for the coefficients Kj, C it j, C{j and 
K\(' w = x,y,z) for ji — | (i — 1,2,3,4) and 7r = — 1 are contained 
in Eq.(126). For example, one can find from Eq. (126) that the coefficient in 
front of the product Pi x P3 y P4z, i-e. the coefficient 2^/2SpFF + Kl^ 10 , coincides 
with that given by Eq.(97). The coefficients in front of the p\ y pz y and p\ z pz z 
coincide with Kjj and K z z in Eqs. (28) and (29), respectively. Furthermore, 
similarly to Eqs. (116) we find from Eq.(126) the coefficients for the initial 
spin-spin correlation with induced polarization of the 3-rd particle as follows 



K z,y = ~ K z,x = K y,z = ~ K x,z = S\a\\ 2 + |a^| 2 ' ^ 28 '' 



These coefficients are equal to zero for the spin-singlet initial state (see Eq. 
(118)). 



6 Discussion and conclusion 



Our analysis is restricted by the threshold region, assuming the s-wave domi- 
nance in the relative motion of the final particles. This assumption is expected 
to be a reasonable approximation up to few MeV of the excess energy [37]. 
To see it one should mention that for a high momentum transfer, what is a 
specific feature of the reaction NN — > YQ + , in the near threshold regime the 
final partial wave with orbital momentum I contributes to the amplitude of 
the reaction as ~ (pf/Q) 1 , were pf is the final c.m.s. momentum and Q de- 
notes an intrinsic scale of the process which is determined by the transferred 
momentum. Therefore, the contribution of the higher partial waves (/ ^ 0) is 
suppressed at the threshold (pj < Q) as compared to I — 0. An additional 
suppression of the / ^ partial waves can be provided by centrifugal barrier, 
if the final state short-range interaction between the hyperon Y and + is 
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strong enough. 



When considering energy dependence of the spin observables near the thresh- 
old, one should note that if for a certain spin S (at given T and ir) Eq.(3) 
holds at the threshold, then above the threshold for the same spin S one has 
the following relation: 

(-l) s = 7r(-l) T+1 (-l)'. (129) 

Eqs. (3) and (129) show that only even orbital momenta / in the final state are 
allowed for this spin S. In contrast, for the other spin S, which is not allowed 
at the threshold for the same T and 7r (for the s wave in the final state), 
only odd orbital momenta / contribute to the final state above the threshold. 
Thus, taking into account the above mentioned p^-dependence of the transition 
amplitudes, one can see that (due to a p-wave contribution) the cross section 
2S+1 d(TM increases with the excess energy (W ~ pj) in the near threshold 
region by one power of W faster as compared to the 25+1 da M cross section. 
Here 25+1 da M denotes the cross section of the reaction which is initiated in 
the NN spin state \SM > [49]. For example, for the reaction pp — > one 
has 3 daM/Pf ~ const(W) and 1 daM=o/Pf ~ W, if n e = —1. For 7r e = +1 the 
energy dependences of the singlet and triplet cross sections are interchanged. 
This difference allows one to determine the P-parity of the + unambiguously 
by measurement of the energy dependence of the observables da Cjj in the 
near threshold region [55], because the unpolarized cross section da can be 
separated into spin-singlet ( x dcr M=Q ) and spin-triplet ( 3 daM) cross sections 
using the spin-spin correlation parameters C XjX , C yjV and C z>z [49] 7 . Similar 
arguments can be found for energy dependence of the observables dao 
[55], da K J j^ Je M& and d<7 Ry. z , although the singlet-to-triplet separation 

7 In particular, the sum S = C XjX + C yjy + C ZjZ (see Eq.(38)) is equal to +1 (—3) for 
the initial spin-singlet (triplet) state at any excess energy W independently on the 
reaction mechanism. Thus, a measurement of S determines the ratio of the triplet- 
singlet difference to the unpolarized cross section as 5 = a ~ o - = ^(1 + £). This 
observable allows one to determine the P-parity of the + in limiting cases 5 = +1 
or 5 = — 1, which are expected to occur near the threshold region. 
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cannot be applied here. 



Obviously, quantitative results for spin observables above the threshold can 
be obtained only under additional assumptions about the dynamics of this 
reaction. In order to estimate the upper limit for the excess energy W for 
P-parity determination in the reaction pp — > £ + + , the authors of Ref. [38] 
assumed the (reduced) partial wave amplitudes for different orbital momenta 
are comparable each with other in magnitude. Under this assumption they 
found that for excess energy less than 50 MeV the sign of the C ytV can be used 
for unambiguous determination of P-parity (for the case of je = \)- Later on 
this result was tested within a certain model of the NN — > YQ + reaction in 
Ref. [55] and energy dependence of dao Cjj and dao was found to be more 
suitable for P-parity measurement within the same region of the excess energy 
W < 50 MeV. 

Existing model calculations of the + production in NN-collisions [53,54,55] 
are performed on the basis of the kaon exchanges in the Born approximation, 
while the mechanism of this reaction might be more complicated [56]. Fur- 
thermore, the initial and final state interactions were neglected in [53,54,55], 
although these can change the relative phases of the spin-amplitudes and 
therefore provide a significant effect of the polarization observables. Since at 
present neither the + production mechanism nor the strength of the final 
state interaction are known and the spin of the 6 + is not measured, it is 
impossible to construct a quantitatively reliable model for the reaction in 
question. Therefore a general model-independent phenomenological approach 
for spin-observables at the threshold of the reaction NN — > YQ + is still an 
appropriate method at the first step of analysis, whereas energy dependence 
of the observables in the near threshold region can be considered in a largely 
model independent way according to the method developed in Ref. [55]. 

The main idea of the work [37] for determination of the P-parity of the 6 + 
in the pp — > S + 6 + reaction is based on the fact that for 7r = +1 (— 1) 
only spin singlet (triplet) initial state is allowed at the threshold and therefore 
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the cross section is non-zero only for antiparallel (parallel) spins of the initial 
protons. This provides very clear signal for 7r . As it seen from Eqs.(8) and 
(15), this signal does not depend on the spins of the Y and 6 + . This conclusion 
does not depend also on the isospin of the 6 + when it is equal to 0, 1 and 
2. Therefore, this reaction seems as a real tool for P-parity determination 
of the + . The problem is, however, connected with a complexity of such 
kind of experiments. The cross section near the threshold is suppressed by 
the phase space factor. Furthermore, the requirement of polarized beam and 
target could reduce the luminosity by two orders of magnitude as compared 
to unpolarized measurements. Thus, one has to explore others possibilities 
related to unpolarized or single-polarized experiments. 

In the present analysis of the reaction NN — > YQ + we use two such opportu- 
nities, (i) The vector polarization of the hyperon Y and (ii) tensor polarization 
of the + (for je > \) are measurable without performing a secondary scat- 
tering. So, the vector polarization of the hyperon Y can be measured via its 
weak decay Y — > iV + n, because P-parity violation provides a large asymme- 
try in angular distribution of the decay products. The tensor polarization of 
the G + , tjo, for even ranks J can be measured by angular distribution in the 
strong decay @ + — > iV + K . For example, according to Ref. [52], the angular 
distribution in the helicity frame, 1^ f (6), determines the following combina- 
tions of the spin-density matrix p rnrn i (m and m! are the spin projections) of 
the decaying spin-| particle: pi i + p_\ _i, pz 3 + o_-a _z. It is easy to find 

z 2>2 2' 2 2'2 2> 2 

that these combinations determine the too and £20- A similar conclusion is valid 
for the spin f , where the additional combination 05 5 + p_s _5 is appeared 

z 2'2 2' 2 

that allows one to measure the tensor t 40 . The angular distribution I h _f {6) in 
the decay B + — > iV + K is determined by the spin of the G + . For the spin 
-| decaying particle the angular distribution Ih.f.(@) ^ s isotropic [52]. Thus, 
measurement of angular distribution in the decay + — > iV + K allows one to 
determine the 6 + spin. In order to extract the tensor polarization t jm with 
M 7^ one needs to know the longitudinal and transversal polarization of 
the decaying particle [52]. Such measurements require to perform secondary 
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rescatterings and, hence, are unrealistic for the reaction iViV — > YQ + and not 
considered here. 

The main results of this paper related to the threshold kinematics of the 
NN — > YQ + reaction can be summarized as follows. 

Spin-spin correlation in the initial state C it j. Eqs. (8), (15) and (35) allow us 
to conclude that for S — 1 the spin-spin correlation coefficient C Vty is always 
non-negative in the reaction 1 + 2^3 + 4 at the threshold independently 
of the spins js and j±. On the contrary, for S = 0, the spin-spin correlation 
coefficients C x>x = C Vty = C z>z are equal to —1 for arbitrary spins of final 
particles. The obtained result allows one to determine unambiguously the P- 
parity of the 6 + by measurement of C y>y in the reaction pp — > S + + . The 
total isospin of this channel is fixed (T = 1) therefore the spin S of the initial 
nucleons is directly related to the P-parity n e of the + as (— l) s = n®. In 
the reaction pn — > A°@ + one has either (— l) s = —ir®, if the isospin of the G + 
is even (I® = 0, 2), or (— l) s = it®, if Iq = 1. Therefore, both the P-parity 
and the isospin of the + can be determined unambiguously by combined 
measurement of C y ^ in these two reactions. 

Spin-spin correlation in the final state C{p given by Eqs. (44), (46)-(58), can be 

used in principle for P-parity determination in a binary reaction 1 + 2 — > 3 + 4, 

if the vector polarizations of final particles are measurable in some way. In the 
— * — * 

reaction iViV — > Y& + only the polarization of the hyperon Y is self-analyzing 
via its weak decay, but a possibility to measure the polarization of the + 
is very questionable. Non-zero spin-tensor correlation parameters in the final 
state i^oQ' Je ° are allowed only for the odd rank J® and, therefore, also unlikely 
can be measured in the NN — > YQ + reaction. 

The spin-transfer coefficient K\. The vector polarization transfer is strongly 
correlated with the P-parity of the 6 + and the isospin of the NN-channel. 
The coefficient is zero for the spin singlet and non-zero for the spin-triplet 
NN-state. In other words, in the reaction pp — > S + 6 + one has ^ for 
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7r e = — 1 and K y y — for ttq — +1. In the reaction pn — > A0 + the relation 
between Kljj and n@ is inverted, if the + is an isoscalar. For jq — \ we found 
if | > independently of 7r e . For the isovector + , the spin observables in the 
reactions pp — > £0 + and pn — > A0 + are identical. 

Tensor polarization of the 9 + , tj , for even rank J can be measured by analysis 
of the angular distribution in the strong decay — > iV + K that does not 
require polarized beam and/or target. At given j@ > |, as it seen from Eqs. 
(78), the coefficients Rqq' J0 ~ tj at J = 0, 2, 4, . . . are different for 7r = — 1 
and 7r = +1. The absolute value and the sign of this difference depend on the 
dynamics of the reaction AW — > F0+. Hence, it is necessary to study these 
observables within definite mechanisms of the reaction. At last, the values of 
tjQ at even rank J give a definite restriction to the spin of the + . 

The spin-transfer coefficient K\y' J0 . If the spin of the + is higher than |, 
then there are additional possibilities for P-parity determination. For even 
rank J the spin-tensor correlation induced by polarized beam, K\f° and 
K\ Z Z ' J0 are zero for the spin singlet and non-zero for the spin-triplet states. 
Therefore, similarly to the coefficient, for given isospin and P-parity of 
the + , the coefficient R\y' J0 is non-zero only for one isospin channel of the 
reaction AW — > YQ + and equals zero for another one. This statement is valid 
for any spin of the + . Therefore, measurements of both coefficients R\y ,J0 
and Ry in the reactions pp — * S + + and pn — > A0 + give a strong test for the 
P-parity determination. 

The spin-transfer coefficients R%. z given by Eqs. (116) and (128) are non-zero 

only for the spin-triplet initial state. These coefficients are measurable in the 

— » — * — * 

reaction AW — > Y& + and, therefore, can be used as an additional test in the 
P-parity determination. 

In conclusion, the formalism for double and triple spin correlation parameters 
of a binary reaction is derived at the threshold for arbitrary spins of the par- 
ticipating particles. For the spin-| baryons the obtained formulae are checked 
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by different methods. The formalism can be applied for P-parity determina- 
tion of the + in the reaction NN — > YQ + and any narrow resonance with 
arbitrary spin. 
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Appendix 

Here we derive Eqs. (23) and (24) for the spin-transfer coefficient K\. From 
Eqs. (1), (18) and (22) we find 

SpFF+ KZ= £ E «f F L * M (k)>W(k) x 

L M L SMgJMj L l M l S l M l jl M l 
m x m 2 m 3 m 4 till 
m l m 2 m 3 m 4 

(jim lj2 m 2 \SM S ) (hm 3 j 4 m 4 \J Mj) (SM S LM L \J Mj) x 
x ( 3l m' lj2 m' 2 \S' M' s )(j 3 m' 3 j 4 m' 4 \J' M'j)(S' M' s ll M' L \f M'j) Q K X , (A.l) 

where Q x is the following trace 

Ql = 5p|x; imi (l)x; 2m2 (2) Xj 3 m3 (3)x j4 ,n 4 (4)^(l) x 

x 4 m' 4 (4)XJ m>, (3)X J2 m 2 (2) X,, ^ (1)S„(3) } . (A.2) 

Using the following representation [51] for the spin operator S\(j) of the kth 
particle (k — 1, ... ,4) with the spin j 

S x (k) = y/j{j + T) £ (jmlX\jm') Xj m'(k)xl m (k) (A.3) 

mm' 

and the relations 

Sp{x+ m {k) Xj m{k)} = Sp{ Xjm (k) X j m (k)} = 5 mmf , (A.4) 



40 



one can find 



Sp {xj m >(k)S x (k)xjm(k)} = Sp {xjm(k)xj„A k ) s x( k )} 



(-l) A v /j(7 + T)0ml - X\jm'). (A.5) 



Making use Eqs. (A.5) and (A. 4), one can present Eq. (A. 2) as 



Q\ = +K $ m2 m> 2 $m 4 m> 4 yjl(jl + l)h(jz + l )tiz m '?, 1 ~ K I 33^) (Jl m l 1-A|j'i7ni). 

(A.6) 

After substituting Eq. (A.6) into Eq. (A.l), one has to perform summation 
over the spin projections in Eq. (A.l). It can be done using the following 
relations 



E Ui m ij2m 2 \S M s )(j 1 m' 1 j 2 m 2 \S' M'^famxl - Mjim'^ = 

mi m' x ni2 



(-l) jl+j2+s+1 y /(2j 1 + 1)(2S + 1)(SM S 1 - X\S'M' S ) 



S' 1 h 



, (A.7) 



E U3m 3 j 4 m 4 \J Mj)(j 3 m' 3 j 3 m 4 \J' Mj)(j 3 m' 3 l - n\j 3 m 3 ) = 

mz m' 3 rri4 



33 H J' 



, (A.8) 



= (-l)w+^+ J '+y(2j 3 + 1)(2J' + l)(J'M'j 1 - k\ JMj) 

' J 1 33 

Y {SM s LM L \JMj){S'M' s L'M' L \J'M'j){SM s l - X\S'M' S ){ J'M'j 1 - k\J Mj) = 

M s M' s Mj M'j 

= E (-1) L ~ S ~ S '~ M '^\2J + 1)^/(25" + l)(2J> + 1) x 



J M 



x(L' - M'LM\J M )(1 - XI- k\J M ) < 



J S L 
J 1 S' V 
1 1 J 



(A.9) 



After that Eq. (A.l) can be written as Eq. (23). 



In order to obtain Eqs. (24), we use here the relation between the Cartesian 
and spherical components of the spin operator [51] 
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S-i = — ^y)) 

S = S Z . (A. 10) 

From Eqs. (22) and (A. 10) one can find 



Kl + Kl + iK* - iKl 



K+\ = -- \Kl + Kl - iKl + iKl 



2 

K\ = 1 

+1 2 

= i 

~ x 2 



Kl - Kl - iK x y - iKl 



(A.ll) 



As was noted in the text after Eq. (23), the angular momentum J is even. 
Therefore one has (1 — A1A|J 0) = (1A1 — A| J 0). It allows one to find from 
Eq. (23) the following relation 

Kll = K-\. (A. 12) 

Using Eqs.(23), (A.ll) and (A.12) one finds K~\ - K+\ = i(K% - K%) = 
and K+l — Ki^ 1 = OKI + K v £ ) = 0, therefore 

Kl = Kl = 0. (A. 13) 

Using relations K°_ 1 = K+ x = Kq 1 = Kq 1 = 0, one can find 

K* x = K* y =K* z =iq = Q. (A. 14) 

At last, taking into account the relation K+\ = 0, which follows from Eq. (23), 
we find from the third equation in Eqs. (A.ll) 

Kl = Kl (A. 15) 

From Eqs. (A. 15), (A. 13) and (A.ll) one can find Eqs. (24). 
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